Extracellular vesicles (EVs) are membrane-bound complexes secreted from cells under both physiological and pathological conditions. They contain proteins, nucleic acids and lipids and act as messengers for cell-cell communication and signalling, particularly between immune cells. EV research is a rapidly evolving and expanding field, and it appears that all biological fluids contain very large numbers of EVs; they are produced from all cells that have been studied to date, and are known to have roles in several reproductive processes. This review analyses the evidence for the role of EVs throughout human reproduction, starting with the paternal and maternal gametes, followed by the establishment and continuation of successful pregnancies, with specific focus, where possible, on the interaction of EVs with the maternal immune system. Importantly, variations within the EV populations are identified in various reproductive disorders, such as pre-term labour and pre-eclampsia.
INTRODUCTION
In human pregnancy, the maternal immune system is controlled at every stage of the reproductive process, to promote tolerance to spermatozoa and the semi-allogeneic fetus. Preconception, the maturing oocyte of the pre-ovulatory follicle prepares for its imminent release, and sperm cells must negotiate the hostile female reproductive tract and avoid being phagocytosed by maternal immune cells, to increase the chances of successful fertilization of the oocyte. 1 Sperm cell capacitation permits fusion with the released oocyte, enabling fertilization to take place. The resulting embryo migrates to the uterus, where it must attach to and invade the endometrium, requiring a proinflammatory environment.
2 Embryo invasion proceeds as trophoblast signal the presence of the embryo to uterine cells (critically including immune cells which aid the process). From approximately 10 weeks of gestation, when blood flow to the placenta is established, maternal peripheral blood immune cells and immune factors will directly contact the conceptus and therefore, systemic tolerance must be established. This requires a balance between immune tolerance of the fetus and protection against infectious agents for the mother.
Reproductive failure, due to inappropriate maternal immune cell activity, is prevented by mechanisms that target both the innate and acquired immune systems. The gametes and embryo have a relatively small window during which they must evade the maternal immune system. However, the trophoblast cells, made up of the invasive extravillous trophoblast (EVT) and the multinucleated syncytiotrophoblast (STB) must interact with the maternal immune system for practically the entire length of the pregnancy. Semi-allogeneic trophoblast expressing paternal antigens should be recognized as foreign by maternal immune cells and provoke a rejection response. This is prevented by trophoblast cells having a unique expression profile of human leukocyte antigens (HLA); proteins responsible for allorecognition by natural killer (NK) cells and T cells. The STB layer is unique in being HLA null and therefore immunologically inert, while the EVT that invade the decidual layer uniquely downregulate HLA-A and -B expression and only express HLA-C and the non-classical HLA-G, -E and -F Class I MHC antigens. 3 Immunomodulatory signals are also released during pregnancy as both soluble factors, such as chemokines, cytokines and steroid and protein hormones, and membraneassociated factors in the form of extracellular vesicles (EVs).
EVs are potent modulators of the immune system, with welldefined roles in immune signalling during both physiological and pathological processes. 4 During the early stages of the human reproductive process, the ovarian follicle, seminal fluid, endometrium, embryo and trophoblast cells are all possible sources of EVs that have the potential to modulate maternal immune function locally. During later pregnancy, the STB of the placenta is the primary source of these EVs; STB releases EVs directly into the maternal blood constituting a major signalling mechanism between fetus and mother. 5 EV signalling may be through protein or lipid ligand-receptor interactions or micro-interfering RNAs (miRNAs) which have been found in both soluble and EV associated forms in various bodily fluids (e.g., plasma, urine, saliva and breast milk). 6, 7 These are small RNA species that regulate gene expression post-transcriptionally, as part of a novel mechanism for intercellular exchange of genetic material, which also control immune responses. The placenta expresses 46 unique miRNAs found in the primate specific chromosome 19 microRNA cluster alongside abundant ubiquitous species. [8] [9] [10] [11] [12] These imprinted placental specific miRNAs are the predominant forms of miRNA in the STB layer and trophoblast cells and have been speculated to be immunomodulators in pregnancy. [13] [14] [15] [16] Pregnancy offers a unique opportunity to study EVs in normal physiology. First, unlike any other condition, it is known exactly when the pregnancy begins and when it finishes, allowing EVs to be followed throughout the entire process. Second, many of the reproductive cellular components carry specific markers which allow the EVs to be distinguished from those produced by other cell types and thirdly, the major source of fetal-derived EVs, the placenta, is available at the end of the pregnancy for study.
This review will follow the key stages of the human reproductive process, from pre-conception to established pregnancy, outlining the different sources and subtypes of reproductive EVs, their molecular cargo and summarizing our understanding of their complex interactions with maternal immune cells or their roles in reproduction.
EVs RELEASED BY REPRODUCTIVE CELLS AND TISSUES-FROM NANO-TO MACRO-SIZED MATERIAL
EV is a general term encompassing several different vesicle types, released by cells constitutively or in response to specific stimuli or cell stressors, including exosomes, microvesicles, apoptotic vesicles and in pathological situations, necrotic debris. EVs are primarily distinguished on the basis of their size with exosomes, microvesicles and apoptotic vesicles considered to be 30-100 nm, 100 nm-1 mm and 1-5 mm, respectively 17 ( Figure 1 ). Not only do these vesicles differ in size, but there are also differences with regard to their formation and protein content. Microvesicles are released from the plasma membrane by direct budding or shedding in response to cellular activation or stress. Exosomes are formed from internalized endocytic vesicles, and are constitutively secreted from the cell. Apoptotic vesicles are released from blebbing cells undergoing apoptosis. STB also releases syncytial nuclear aggregates (approx. 20-500 mm in size), in addition to other EV subtypes 18, 19 ( Figure 1 ). There are no specific markers to distinguish the subtypes of EVs. Protein components of the 'endosomal-sorting complexes required for transport' (ESCRT complexes) Alix and TSG101, and tetraspanins such as CD63, CD81 and CD9, are enriched in, but not always exclusive to, exosomes. Combined with size, they are used as exosomal markers, while their lower relative abundance in larger vesicles is taken as an indication of microvesicle release. 20 However, EV populations are often not defined by researchers, hindering elucidation of the EV subtypes released by cells from different reproductive tissues. This is also confounded by the use of different isolation techniques, Figure 1 Four subtypes of released material from reproductive tissues. Exosomes (30-100 nm) are generated from reverse budding of the endosome membrane, resulting in a multivesicular body which fuses with the plasma membrane of the cell and releases exosomes by exocytosis. Microvesicles (100 nm-1 mm) are produced by direct budding of the plasma membrane in response to stimuli that trigger an increase in intracellular calcium levels. Apoptotic bodies (1-5 mm) are released from cells undergoing apoptosis, while syncytial nuclear aggregates (20-500 mm) are released from the syncytiotrophoblast on the placental surface.
resulting in some groups only studying the larger vesicles, 21, 22 while others focus on the smaller exosomes to the exclusion of other vesicle types. 23 However, future studies separating the different types of reproductive EVs, i.e., exosomes from microvesicles, using techniques such as immunoaffinity beads or differential centrifugation and subsequent functional studies and proteomic and DNA/RNA analysis of their contents will be crucial to determine their relative functional importance.
The four main methodologies used routinely to quantify and phenotype EVs in biological samples, are: (i) enzyme-linked immunosorbent assay; (ii) flow cytometry; (iii) electron microscopy (EM); and (iv) western blotting. More recently, other techniques have been used to investigate and characterize EVs including; cryo-EM, nanoparticle tracking analysis (NTA), dynamic light scattering, resistive pulse sensing (IZON qNano), atomic force microscopy and Raman spectroscopy (as reviewed in Refs. [24] [25] [26] . Flow cytometry is the most widely used method to investigate EVs, however, as flow cytometers are typically designed to examine cells, analysing small EVs is associated with a number of technical limitations and standardisation issues. One of the major limiting factors is resolving EVs from the instrument electronic noise and this can be variable between instruments. Analogue instruments can resolve EVs down to ,500 nm in diameter, 27, 28 whereas newer digital flow cytometers are reported to analyse EVs of o300 nm. [29] [30] [31] Therefore, this limits standard flow cytometric analysis to large microvesicles and apoptotic bodies. The analysis of EVs of ,100 nm has been demonstrated using a BD Influx flow cytometer, however, this instrument was specifically modified for this purpose. 32, 33 More recently, the Apogee A50 Micro flow cytometer was marketed, featuring an optical design with an improved light scatter detection performance, resulting in enhanced signal/noise ratio and enabling the detection of EVs down to 100 nm in diameter. 34 With an appropriate panel of antibodies, multicolour flow cytometry allows the identification of EVs from multiple cellular sources in a single sample, such as those found in blood samples which contain EVs from platelets, red blood cells and leukocytes in non-pregnant individuals, as well as STB-derived EVs in pregnancy 29, 35 However, accurate sizing of EVs cannot be performed by flow cytometry. It is possible to determine the size of EVs by EM, but it is labour intensive, highly subjective and not quantitative. Although this technique is still routinely used, many researchers are now using an alternative method for EV sizing; NTA. NTA determines the size of vesicles from their Brownian motion, by tracking the movement of individual vesicles in real time, and has, for the first time, allowed the accurate sizing and counting of EVs in biological fluids. 36 EVs AND PRE-PREGNANCY ADAPTATION OF THE MATERNAL REPRODUCTIVE TRACT The immune system of the female reproductive tract is finely tuned to cope with reproductive processes. It must provide a robust defence against pathogenic agents whilst tolerating the presence of semen harbouring immunogenic paternal alloantigens, and subsequently provide a nurturing environment for the semiallogeneic conceptus. In this section, we will review the literature pertaining to EVs present in follicular fluids of ovulatory follicles, secreted from the endometrium, present in seminal fluid or released from the developing embryo prior to implantation, focusing on any known immune interactions.
Oocyte EVs
Sperm and oocyte fusion is essential for fertilisation. The tetraspanin CD9 is known to play an important role in gamete fusion in mice, as CD9-deficient oocytes are unable to fuse with sperm. 37, 38 A possible role for CD9 in the transfer of oocyte material to sperm has been investigated; however, this topic remains controversial. [39] [40] [41] Using a transgenic mouse model, oocytes were shown to transfer CD9 to the sperm head via vesicles described as 'exosome-like'. 41 These CD9-associated EVs were localized to the perivitelline space (PVS) of the oocyte and were shown to be between 50 and 250 nm in diameter and express two known exosome components-ganglioside GM3 and heat shock protein 90. Another study also confirmed the presence of EVs of exosome size (50-150 nm) in the oocyte PVS, some of which were associated with CD9. 39 There are conflicting reports as to whether the accumulation of EVs in the PVS is altered in CD9 null oocytes and whether EV production and secretion from the oocyte is CD9 dependent. 39, 41 Sperm cultured in medium containing EVs from fluorescently labelled CD9 null oocytes capture these EVs and in turn the sperm acquires fluorescence, thereby suggesting that oocyte EVs are transported to sperm, but this process is independent of CD9. 39 One study showed sperm fusion with wildtype oocytes or CD9 null oocytes cultured in conditioned medium containing CD9-associated EVs isolated from wild-type oocytes. 41 These data suggest that CD9-associated EVs are released from the oocyte prior to fertilisation and are required for sperm fusion. Contrary to this report, two independent studies have failed to replicate the ability of CD9 null oocytes to fuse with sperm after co-incubation with wild-type oocytes or medium containing CD9-associated EVs. 39, 40 The tetraspanin CD81 is expressed on the surface of the mouse oocyte 42 and surrounding somatic cells 43 and may also play a role in sperm-oocyte membrane fusion. [42] [43] [44] Subcellular expression of CD9 and CD81 in the mouse oocyte demonstrates that these are predominantly localized in the PVS and zona pellucida respectively. It has been proposed that CD9 is primarily produced by the oocyte, whereas CD81 is primarily produced in the surrounding cumulus cells. 44 A model has been proposed where, the localisation of CD9 and CD81 to their respective oocyte compartments is essential for sperm fusion, and as sperm penetrate the PVS both CD9 and CD81 are secreted via exosomes and attach to sperm. 44 Given the size of the oocyte and surrounding somatic cells, and the potential therefore to only produce a limited number of EVs, it would not be surprising to find that oocyte/somatic cellderived EVs only play a role in close proximity within the ovarian follicle, rather than a broader role modulating the uterine lumen environment. Their limited numbers may also help to explain the need to contain EVs within the oocyte PVS and zona pellucida.
Follicular fluid EVs
Follicular fluid contains a plethora of biochemical and metabolic substances that regulate oocyte maturation and follicle growth 45 and recently it was reported that follicular fluid also contains EVs. [46] [47] [48] [49] Ovarian follicular fluid EVs were first described in the horse. 46 This study identified miRNAs within follicular fluid EVs, identical to those in the somatic cells (granulosa and cumulus). These EVs bind and are taken up by granulosa cells both in vitro and in vivo and therefore may constitute a new form of ovarian cell-cell communication.
Significant variation in levels of follicular fluid miRNA-associated EVs in old versus young mares also suggest that these may be indicative of age-related decline in oocyte quality. 46 Similarly bovine follicular fluid contains exosome-associated miRNAs. 49 Bovine granulosa cells take-up follicular fluid exosome-associated miRNAs via endocytosis in vitro, significantly increasing the level of endogenous miRNAs and changing mRNA expression of target genes in granulosa cells known to be involved in follicle development. These follicular fluid exosome-associated miRNAs may also play a role in regulating oocyte growth as they are differentially expressed in follicles containing growing versus fully grown oocytes. 49 Using differential centrifugation and NTA, our laboratory has shown the presence of exosome and microvesicle sized EVs in human follicular fluid (Figure 2 ). Human follicular fluid EVs are polydisperse and include both microvesicle and exosome sized EVs, with a mean diameter of ,220 nm ( Figure 2ai ). Two other studies have also confirmed the presence of human follicular fluid derived EVs. 47, 48 Human follicular fluid EVs contain numerous miRNAs, some of which target genes that are important in regulating pathways of reproduction, metabolism and endocrine function. 48 However, as yet, possible interactions of follicular fluid EVs and maternal immune cells have not been investigated.
Endometrial EVs
Fertilisation of the oocyte occurs in the oviduct, and a novel role for exosomes residing in the oviduct of mice has been proposed, termed 'oviductosomes'. Oviductosomes express a Ca 21 regulatory protein, PMCA4a which is transferred to sperm. PMCA4a has roles in sperm storage in the oviduct, capacitation and the acrosome reaction, therefore it is proposed these oviductosomes may have an important role in fertility. 50 EVs, predominantly 50-150 nm in diameter, have been identified in human uterine fluid and dissociated mucus. 51 Most of the EVs found in the uterine cavity are likely to be of exosome origin, derived from the endometrial epithelium, as the two tetraspanins CD9 and CD63 are present on the apical surfaces of endometrial epithelial cells. 51 It is hypothesized that the endometrial epithelial cells or the blastocyst acquire endometrial exosomes to improve implantation. 51 Endometrial remodelling by matrix metalloproteinases is essential during each menstrual cycle in preparation for embryo implantation. Using human endometrial epithelial cell lines, a possible role has emerged for endometrial epithelial EVs in regulating this process. [51] [52] [53] Microvesicles from a human uterine epithelial cell line were shown to contain the extracellular matrix metalloprotease inducer (EMMPRIN (CD147)) which stimulated uterine stromal fibroblast matrix metalloproteinase production. 52 Microvesicle EMMPRIN secretion is stimulated by the ovarian hormones estradiol and progesterone and also by the pro-inflammatory cytokine IL-1b, thereby suggesting that its secretion is regulated as part of an inflammatory response. 52 It is proposed that EMMPRIN is secreted as a soluble protein in response to degradation of microvesicles. 52 EMMPRIN has also been shown to be released in microvesicles in response to G protein-coupled receptor 30 stimulation. 53 The analysis of miRNAs from the human uterine epithelial cell line ECC1 demonstrated sorting of certain miRNAs into EVs, showing .200 miRNAs were co-expressed by the ECC1 parent cells and the ECC1 EVs, 13 specific to EVs and 5 specific to the parent cells. 51 Predicted target genes of the EV miRNAs included those known to play a role in regulating embryo implantation such as extracellular matrix receptor interactions, adherens and tight junctional proteins and the Jak-STAT signalling and VEGF signalling pathways. 51 
Seminal fluid EVs
Seminal fluid contains large numbers of EVs, the majority of which in humans originate from the epithelial cells lining the acinar ducts of the prostate gland and are called prostasomes, although other epithelial cells of the male reproductive tract also secrete EVs, such as from the epididymis (epididymosomes) and vesicular glands, reviewed elsewhere. 1, 54 Extensive analysis of prostasomes has been performed, summarized by Ronquist. 54 We have also used NTA to determine the size of prostasomes. As previously reported, 54 prostasomes are very small in size, with a modal peak at ,120 nm (Figure 2aii ). Prostasomes play an important role in fertility; they bind to sperm and are thought to enhance their motility and ability for capacitation-they are enriched in divalent cations known to be involved with sperm motility, such as Ca 21 , and contain enzymes which control their levels. They also transfer hydrolases such as ecto-diadenosine polyphosphate hydrolase and are rich in sphingomyelin with a high cholesterol/phospholipid ratio, all of which regulate the acrosome reaction. They also contain fragments of genomic DNA, although it is not clear if this has a functional consequence. Chromogranin B confers bactericidal properties to prostasomes and importantly they also prevent immune cell recognition of sperm in the female reproductive tract and have immune modulatory properties. Prostasomes inhibit lymphocyte proliferation and macrophage/neutrophil functions. 55 Direct inhibition of NK cells by prostasomal expression of CD48, the ligand for the CD244 (NK activating receptor 2B4), has been identified. 56 They also contain the complement regulatory proteins CD59 (a GPI-anchored membrane attack complex inhibitory protein) and CD46 (a cofactor for proteolytic inactivation of C3b and C4b)-both of which protect sperm from lysis mediated by the female complement system. 57, 58 Extracellular vesicles in pregnancy D Tannetta et al High levels of reactive oxygen species in semen samples are associated with infertility. It is possible that contaminating neutrophils are a source of reactive oxygen species generation, and prostasomes are thought to reduce reactive oxygen species production. 59 Finally, Galectin-3 (a multifaceted, immunomodulatory lectin) is expressed on prostasomes and probably has wide ranging functions within the female reproductive tract. 60 
Pre-implantation embryo EVs
EVs from the pre-implantation embryo have not yet been reported, but it is likely that the embryo has the capacity to release them. Although embryo culture supernatants can be obtained from in vitro fertilization (IVF) clinics, we have found that the in vitro fertilization (IVF) culture media alone contains high levels of EVs, probably from the nutrients supplemented for embryo growth, making detection of specific embryoderived EVs challenging.
EVs AND ADAPTATION OF THE MATERNAL SYSTEM DURING PREGNANCY
Following implantation and throughout the remainder of pregnancy, trophoblast cells form the interface between the maternal immune cells and the fetus. Differentiation of the trophectoderm cell lineage gives rise to two forms of trophoblast cells, villous cytotrophoblast (CTB) and EVT. EVT proliferate in the tips of the anchoring villi attached to the uterine wall, then acquire invasive characteristics and migrate into the decidua and, as pregnancy progresses, into the myometrium. Both interstitial and endovascular subtypes of EVT form part of a coordinated response with maternal uterine NK and macrophage cells to adapt blood flow to the needs of the placenta and fetus, by destroying the muscular walls and replacing the endothelial lining of the distal portions of the uterine spiral arteries with EVT. [61] [62] [63] The CTB fuse into multinucleated STB covering the villi of the placenta that are bathed in nutrient rich secretions from endometrial glands until towards the end of the first trimester, when maternal blood flow to the placenta is established. 64 This then brings into play the largest maternal/ fetal interface-the STB of the human haemochorial placenta in direct contact with the maternal blood. STB becomes the dominant site of conceptus EV release and the release of STB EVs into the maternal circulation extends this interface beyond the uterus and out into the maternal systemic vasculature. 65 Taking into account the type of trophoblast EVs and the source of the immune cells used to study their interaction, maternal immune cell modulation and the role played by trophoblast EVs during pregnancy will be discussed (literature for interactions with adaptive and innate immune cells are summarized in Tables 1 and 2 , respectively).
EVT EVs
Release of EVs by EVT during early pregnancy, has been demonstrated both in vivo and in vitro through detection of HLA-G positive EVs. HLA-G is expressed on EVT but not STB. Cultured first trimester explants and the EVT like cell line Swan71 release HLA-G-positive EVs, and HLA-G-positive EVs have been detected in the maternal circulation. [66] [67] [68] Using flow cytometry, circulating HLA-G-positive EVs were identified throughout pregnancy, with amounts decreasing towards term. 67 Detection of HLA-G-positive EVs was also reported in the third trimester of pregnancy; 68 however both accounts of detectable levels of circulating HLA-G positive vesicles are surprising given the very small surface area of endovascular EVT exposed to the large maternal blood volume. 69 To date, only one study has characterized the morphology of EVs released by EVT using Swan71 cell line and a protocol designed 
70 Density (sucrose gradient), morphology (EM) and size (dynamic light scattering) analysis strongly suggested that Swan71 cells release exosomes. This finding, together with reports that HLA-G-positive vesicles can be detected by flow cytometry, suggests that native EVT release both exosomes and microvesicles.
Evidence for immunomodulatory effects of EVT-derived EVs is also limited (Tables 1 and 2) . Circulating HLA-G-positive EVs present in plasma from healthy term pregnant women have been reported to bind at low levels to T lymphocytes ex vivo.
68
The same study showed that EVs isolated from healthy term pregnancy plasma modestly decreased peripheral T lymphocyte and Jurkat cell STAT3 phosphorylation. 68 Potential to affect immune cell function is also suggested by the observation that HLA-G-positive exosomes from first trimester explants carry immunomodulatory proteins B7-H1 and B7-H3, which have previously been shown to modulate effector T cell function. B7-H1, also known as PD-L1, is implicated in promoting maternal/ fetal tolerance. 66 HLA-G itself also has immunosuppressive properties thought to protect the fetus from immune rejection; HLA-G binds with high affinity to the NK inhibitory receptor LILRB1 inhibiting NK cell killing activity. 71, 72 Vesicles, thought to be exosomes, isolated from the EVT-like cell line Swan71, have been shown to stimulate a pro-inflammatory cytokine and chemokine profile in both the THP-1 monocytic cell line and cultures of primary macrophages, 73, 74 suggesting monocytic pro-inflammatory as well as lymphocytic immunosuppressive activity of EVT exosomes.
It is not known whether the early STB layer releases any vesicular material at the time when the developing intervillous space is filled with endometrial gland secretions, and whether these EVs would interact with maternal immune cells. Interstitial trafficking of STB derived EVs through the decidua cannot be ruled out, especially during the very early stages of pregnancy when the STB forms within the decidual layer, but this has not yet been investigated. However, STB EVs from the late first trimester onwards, around the time when placental blood flow is established, are by far the most studied EVs derived from reproductive tissue. This is due to the availability of human placental tissue from first trimester terminations and at term. 69, 75 Term placentas are particularly useful as they can yield large quantities of STB EVs derived from a fresh, primary tissue, especially if the placenta is obtained from an elective caesarean section and has therefore not been subjected to the stresses of labour. It is important to remember however that placentas from normal pregnancies are not normally available prior to term; therefore, identification of STB in the maternal blood will be the only way we can study placenta EVs throughout later gestations.
We have used NTA to determine the size of STB EVs prepared by perfusion of term placentas (Figure 2) . Sizes of STB EVs isolated from placental perfusate range from approximately 40 nm upwards, with the majority (.90%) being less than 1 mm and 70% being less than 300 nm in diameter, suggesting that these EVs are also predominantly a mixture of 18, 31 Using differential centrifugation, placental perfusion-derived STB EVs can also be fractionated to give enriched STB microvesicle and STB exosome preparations, characterized using NTA (Figure 2bi and bii; STB microvesicles and Figure 2ci and 2cii; STB exosomes), transmission EM (Figure 2biii ; STB microvesicles and Figure 2ciii ; STB exosomes) and western blotting for exosome markers CD63 and Alix (Figure 2d ) (Tannetta and Dragovic, unpublished data).
Identification of syncytiotrophoblast EVs in the maternal circulation
The deportation of STB material into the maternal circulation has been recognized for many years. 76 Increased levels of STB EVs were found in the uterine vein blood compared to the peripheral blood, consistent with their placental origin. 77 Levels measured by STB EV enzyme-linked immunosorbent assay, which captures STB EV using an antibody to placental alkaline phosphatase (PLAP), a STB marker, showed increases with advancing pregnancy 78 and labour 79 returning to nonpregnant levels in most cases by 48 h post-delivery. Flow cytometry has also been used to confirm the particulate nature of the STB material pelleted from maternal plasma using two STB-specific monoclonal antibodies, one that binds PLAP and another called ED822 which recognizes an as yet unknown antigen on the apical surface of the STB. 29, 35, 67, 77, 78 PLAP-positive EVs are found circulating throughout pregnancy, with levels increasing towards term. 78 PLAP-positive EVs have also been isolated directly from pregnancy plasma, taken between 26 and 28 weeks gestation, using agarose beads coated with a PLAP-specific antibody. 80 The composition of EVs in terms of the proportions of exosomes, microvesicles, apoptotic bodies and syncytial nuclear aggregates will have an important bearing on their functional characteristics and distribution throughout the body. As such, circulating STB EVs give only a glimpse of the material released from the placental surface. Syncytial nuclear aggregates have been identified in uterine vein and inferior vena cava blood. However, due to their size, syncytial nuclear aggregates are mostly trapped in the pulmonary capillary bed, 81 while smaller STB EVs are able to pass through the lung capillaries and enter the peripheral circulation. 77 Further loss of STB EVs, filtered out by organs such as the liver and spleen, is also possible, although this has not been investigated. 82 Meanwhile, phagocytic immune and endothelial cells constantly clear cellular debris from the circulation that could include STB derived material. 78 This raises questions such as: do STB EVs have target cells with which they interact?, what biological effects do the STB EVs have on the cells and organs they come into contact with? and what is the significance of the material not removed from the circulation?
Functional effects of syncytiotrophoblast EVs throughout pregnancy STB EVs have the potential to modulate maternal immune cell function at a local and systemic level (Tables 1 and 2 ). STB EVs are bound at detectable levels to monocytes from the second trimester and increase further at term in vivo. 78 Studies carried out in vitro also showed that monocytes and B cells rapidly bound and internalized STB EVs, suggesting possible functional interactions. 83 Intriguingly, NK cell and T-cell binding of STB EVs has not been reported, even though several studies, outlined below, have shown STB EVs to have immunosuppressive effects on the function of these cell types.
Prevention of fetal rejection, in part by the suppression of maternal cell mediated immune responses, has long been recognized. Evidence continues to grow that placental EVs form part of a range of immunosuppressive factors released by the placenta that are involved in this process. The Y chromosome-linked minor histocompatibility antigen DDX3Y has been shown to be released from first trimester placental explant bound to STB debris and the authors speculate that this may lead to the induction of antigen specific regulatory CD8
1 T cells, conferring immunological tolerance to the fetus. 84 Midfirst to early-second trimester explants also release STB exosomes with biologically active MHC class I chain-related (MIC A/B) proteins and UL-16 binding proteins on their surface, able to initiate internalization of NK cell activating receptor NKG2D on NK cells, cytotoxic T lymphocytes and cd T cells, reducing cell surface NKG2D expression and subsequent cytotoxic capacity. 23, 85 T cell responses have also been shown to be significantly inhibited by several different preparations of placental EVs, measured by PHA and mixed lymphocyte response induced proliferation, [86] [87] [88] Fas ligand and TRAIL-mediated lymphocyte and activated peripheral blood mononuclear cell (PBMC) apoptosis and CD3-zeta loss. 80, 87, 89, 90 Immunosuppressive activity has also been demonstrated with much larger shed STB material. Phagocytosis of large apoptotic mononuclear trophoblast and syncytial nuclear aggregates from cultured first trimester placental explants stimulated IL-10 release and indoleamine 2,3-dioxygenase (IDO) expression, and decreased IL-1b secretion in monocytic U937 cells. 91 In addition, large trophoblast debris from term placenta explants decreased surface expression of MHC class II molecules and inflammatory cytokine release, with a concomitant increase in anti-inflammatory cytokines and IDO expression, from primary macrophages. 22 Therefore, larger apoptotic trophoblast debris may have an integral role in tolerizing maternal immune cells to fetal alloantigens. 21 While the immunosuppressive effects of placental EVs on maternal immune cells suggest a role for STB EVs in the mechanism by which the placenta avoids immune rejection, the situation is more complicated than this because maternal innate immune responses are also activated in normal pregnancy and bring about a systemic inflammatory state. 92 This may seem counterintuitive; however, controlled inflammation, in the face of suppressed T and NK cell-mediated immune responses, may be beneficial in helping the mother fight infection. There is growing evidence that placental EVs play a role in the maternal systemic inflammatory response. We and others have shown that preparations of STB EVs stimulate PBMC and monocytes to release a range of proinflammatory cytokines (including TNFa, MIP-1a, IL-1a, IL-1b, IL-6, IL-8, IL-12,  IL-18 and IFN-c) . 73, 74, 78, 83, 93 Reports of the effects of STB EVs on granulocyte function are limited, but term placental EV preparations have been shown to directly stimulate neutrophils, resulting in increased superoxide production and the formation of neutrophil extracellular lattices. 94, 95 As discussed above, STB EVs have a wide range of functional activities suggesting that they carry a variety of bioactive molecules. Several EV-associated biologically active factors have already been identified, a summary of which is shown in Figure 3 . A crucial step now is to further define which molecules are present on the different vesicle types and which are responsible for the functional effects. We have performed proteomic analysis on perfused placental EVs using multidimensional protein identification technology. 96 Over 2000 proteins were identified and included potential immunomodulatory molecules such as alarmins (HSP70, high mobility group box 1, fetal haemoglobin and galectin 3), immunoregulatory molecules (CD200, CD147 and galectin 1) and complement regulatory molecules (CD55 and CD59) (Tannetta et al., unpublished observations). Very few studies have specifically investigated placental vesicle-associated miRNA.
Several placenta-specific miRNAs are released in exosomes by the trophoblast cell line BeWo and isolated human term trophoblast. 13, 14 Using Affymetrix GeneChipR miRNA arrays we also identified five placental specific miRNAs in term placental perfusion-derived EVs: 517a, 512-3p, 517b, 518b and 519a (Tannetta et al., unpublished observations), which have previously been reported in the placenta and maternal circulation. 10, 13 Using qRTPCR, Cronqvist et al. 20 also demonstrated placental miRNA in placental perfusion-derived EVs. Moreover, isolated trophoblast from term placenta, which fuse in culture to form STB, release exosomes able to transfer viral resistance to recipient cells by inducing autophagy through the delivery of chromosome 19 microRNA cluster miRNAs, 97 demonstrating yet another mechanism of STB EVs modulation of maternal immune responses.
AMNIOTIC FLUID EVs
The amniotic fluid is unsurprisingly rich in EVs, as fetal waste products are secreted into this medium and fetal urine contains high levels of EVs. Recently a role has emerged for amniotic fluid EVs in controlling inflammation in the fetal compartment. Exosomes are detected in second trimester amniotic fluids and contain the inducible heat shock protein 72, which is a known inhibitor of immune activity. 98, 99 Amniotic fluid exosomes are also phagocytosed by the human monocytic precursor cell line THP-1, inducing cytokine production such as IL-1b, TNF-a and IL-6 leading to STAT-3 activation and an immunosuppressive phenotype. 100 However, maternal immune cells do not contact amniotic fluid and therefore this result may be a reflection of the immune-inhibitory nature of exosomes rather than an amniotic fluid EV-specific phenotype.
CLINICAL PERSPECTIVES
EVs have been extensively studied in a wide variety of disease pathologies, including autoimmune disorders, inflammatory diseases and cancer. EVs are also implicated in pathological processes of pregnancy, particularly preeclampsia (PE); however, a role for EVs in other reproductive disorders such as preterm labour is also emerging. In developed countries about 5%-7% of births are pre-term. Interestingly, plasma levels of exosomes at 28-30 weeks are reduced in women who deliver preterm compared to women who deliver at term, and these exosomes contain less of the immune inhibitory molecule FasL, suggesting impaired suppression of cytotoxic T-cell activity. 89 Anti-sperm antibodies, which can occur in human semen or the serum of both men and women, have been linked with male infertility, although the clinical association remains controversial. 101 Anti-sperm antibodies also bind to prostasomes, 102 so could alter their function. Several antigens have been identified on prostasomes, such as the prolactin-inducible protein, which has various immunological functions. 103 Although implicated in modulation of the immune response, as yet there are no known clinical associations between prostasomes and fertility. Research is focused towards using prostasomes as a biomarker for prostate cancer, as prostate-specific antigen is known to be detected on prostasomes, and a small study has shown that prostate cancer patients have prostasomes in their blood plasma. 104 In addition, the complement evading protein found on prostasomes CD59, is elevated in cancer cells which may aid tumour immune evasion. 54 A recent study examining human follicular fluid and its supernatant in healthy controls and polycystic ovarian syndrome patients identified miRNAs in EVs and the supernatant. 48 Two miRNAs present in follicular fluid EV and the supernatant; miR-132 and miR-320, which regulate estradiol concentrations, were significantly decreased in polycystic ovarian syndrome patients compared to healthy controls. 48 Undoubtedly, further research into functional effects of EVs associated with reproduction will yield other clinical observations.
Most research on reproductive cell EVs has focused on PE. PE is a disorder of human pregnancy which affects 2.5%-3.0% of women, with potential to be lethal or detrimental to longterm health for both the mother and baby. 96, 105 PE develops in two stages; the first (preclinical) stage comprises poor spiral artery remodelling (8-18 weeks), leading to dysfunctional perfusion and placental oxidative stress. 106 This stimulates the release of placental factors into maternal blood that cause the second, clinical stage (after 20 weeks) characterized by the maternal syndrome of systemic vascular inflammation, that underlies the symptoms of hypertension, proteinuria, oedema, activation of the coagulation system and in severe cases, eclampsia, typified by convulsions. 107 Several studies, using enzyme-linked immunosorbent assay methods, have shown increased levels of placental EVs in the maternal circulation in PE, with levels correlated to disease severity. 77, 108, 109 Increased EV shedding also appears to be key to the development of the maternal syndrome of PE as increased levels were specific to PE complicated by fetal growth restriction and were not evident in normotensive fetal growth restriction, despite similar placental pathology. 108 A significant increase in placental EV shedding in PE women during labour, may also play a part in postpartum worsening of the disease. 79 Results of flow cytometry studies have been less consistent with some studies showing increased plasma levels of placental EVs in PE, while others found no difference between PE and normal pregnancy. 29, 35, 67, 78, 110 Qualitative as well as quantitative differences in placental EVs shed in PE, such as changes in the types of EVs released and the molecular cargo carried by the EVs, could alter their biological function. There are limited studies addressing this issue due to availability of tissue from well-defined PE pregnancies. NTA analysis of PE and normal placental perfusionderived EVs showed a significant increase in vesicle size in PE, suggesting a shift in the balance towards shedding of more STB microvesicles which could alter their overall functional effects to a more pro-inflammatory, anti-angiogenic and procoagulant state. 31, 111 Treatment of PBMC with EVs from PE placenta explants caused significantly higher production of several proinflammatory cytokines and chemokines, including IL-1b, compared to normal placental EVs. 112 Increased placental EV stimulated neutrophil activation is also suggested by higher levels of superoxide production induced by PE placenta EVs and increased formation of neutrophil extracellular lattices in the intervillous space of PE placentae. 88, 94 Possible functional mediators include peroxidized lipids due to increased placental oxidation in PE. 113 Excessive activation of the coagulation system and increased platelet activation are also features of PE. 114 PE placental-perfusion EVs have higher functional tissue factor levels than those from normal placentas, implicating them in the excessive activation of the clotting system seen in this disorder. 115, 116 Placental EVs have also been shown to affect the function of endothelial cells, inhibiting their proliferation and growth as a monolayer in vitro [117] [118] [119] and inhibiting the relaxation of preconstricted blood vessels ex vivo. 117, 119, 120 Furthermore, when human umbilical vein endothelial cells are cultured with placental EVs the culture supernatants can secondarily activate neutrophils, demonstrating the potential for a vicious cycle of inflammatory activation. 121 To date, no differential effects of PE and control placental EVs on endothelial cells has been shown; however, the disruptive effects of placental EVs on endothelial cell function demonstrated in vitro and ex vivo and discussed above suggest a contribution of placental EVs to the endothelial dysfunction characteristic to the maternal syndrome of PE. 117 
DISCUSSION
The field of EV research has grown exponentially in the last 10 years and continues to grow with new findings confirming the involvement of EVs in normal physiology and disease. This is also true for EVs from reproductive tissues and the role they play in the successful establishment of pregnancy. However, by taking an overview of the literature regarding reproductive EVs, it becomes apparent that further work is needed to better understand the source and role of EVs in human reproduction. As outlined in this review, EVs have been identified in a variety of reproductive fluids or are known to be produced by certain human reproductive cells and to carry a multitude of functional moieties (Figure 3) . However, it is not known if the sperm themselves produce EVs. Similarly, it is not yet known if human female gametes secrete EVs, although evidence from murine studies suggests that oocytes do produce EVs which bind to sperm and aid fertilisation. It is also not known if the pre-implantation embryo secretes EVs, although, as both the oocyte (in mouse) and trophoblast cells secrete EVs, it is likely that the pre-implantation embryo also has this capacity.
Research into the targeting of reproductive tissue EVs to the maternal immune system also has far to go. The different reproductive EVs will encounter highly specialized maternal immune cell niches, such as the immune cells of the uterine epithelial mucosa (oocyte, follicular fluid, semen and preimplantation embryo EVs), decidua (early STB and interstitial EVT EVs) and peripheral circulation (endovascular EVT and STB EVs). Each niche has its own specialized immune cell population and cytokine and chemokine microenvironment suggesting niche-specific effects of EVs. Proteomic and miRNA screening of EVs has identified many candidate molecules carried by various EV types; as we have described here, however, functional studies are still required to confirm their association. Also the downstream consequences of immune cell modulation in each niche will be very different, with more local effects in the uterine lumen and decidua, whereas effects of STB EVs in the maternal circulation could have implications for multiple organs and vascular cell types. This presents challenges in designing models to better understand the role of reproductive EVs in establishing successful pregnancy. These include modelling of the specialized immune cells found in each niche, such as uterine NK cells of the decidua and immune cells resident in organs (such as Kupffer cells in the liver). However, studies to date have focused on using peripheral blood immune cells, which are easier to obtain, but have different functions. Length of exposure to each reproductive EV population may also need to be taken into account. Multiple exposures to semen EVs can occur before a pregnancy is established, unlike STB EVs where each exposure is unique but slow and sustained, gradually increasing from approximately 10 weeks of gestation, with the onset of placental perfusion with maternal blood, to reach a maximum at term. However, each niche may be important in driving maternal immune cell activation and tolerance at specific stages of pregnancy. Further research is therefore required to fully understand the role each EV type and subtype plays in the promotion of a successful pregnancy.
STB-derived EVs are the most abundant and most studied type of reproductive EVs. Results to date suggest that STB EVs released from the late first trimester onwards have a tolerizing effect on the maternal adaptive immune response that potentiates successful pregnancies, although this is not yet proven, and no in vivo experiments have been performed. Elevated circulating levels in PE are also implicated in contributing to exacerbated maternal systemic innate immune cell activation and vascular dysfunction in PE. Therefore, measurement of STB EVs in the maternal circulation could assist with the detection and management of PE. Biomarkers currently being investigated include sFlt-1, endoglin and PLGF, 122, 123 but as STB EVs contain thousands of proteins, many of which are unique to PE, novel and improved biomarkers could also be discovered. Further understanding of STB EVs in normal pregnancy and PE may also lead to new therapeutic options for women suffering from PE such as neutralizing specific pathogenic EVs, or removal of STB EVs through apheresis. Inhibiting maternal inflammation and reducing vascular damage could allow the pregnancy to continue long enough to avoid the need for very early pre-term delivery, removing the associated risks to both the baby and mother. This is an exciting time for reproductive EV research. With ongoing improvements to isolation methods, discovery of better markers of EV subtypes and the development of more sensitive techniques to aid detection and characterisation of EVs, further advances will continue to be made in the field. In addition to this, more appropriate models, reflecting the in vivo cellular environment into which the reproductive EVs are released and will function, will be developed to better test their biological effects. With increasing understanding of reproductive EV function comes the great potential for the use of reproductive EVs as biomarkers and therapeutic targets in disorders of both male and female reproduction as well as obstetrics. 
